Abstract-There is increasing evidence that complement activation may play a role in atherogenesis. Complement proteins have been demonstrated to be present in early atherosclerotic lesions of animals and humans, and cholesterol-induced atherosclerotic lesion formation is reduced in complement-deficient animals. Potential complement activators in atherosclerotic lesions are now a subject matter of debate. C-reactive protein (CRP) is an acute-phase protein that is involved in inflammatory processes in numerous ways. It binds to lipoproteins and activates the complement system via the classic pathway. In this study we have investigated early atherosclerotic lesions of human coronary arteries by means of immunohistochemical staining. We demonstrate here that CRP deposits in the arterial wall in early atherosclerotic lesions with 2 predominant manifestations. First, there is a diffuse rather than a focal deposition in the deep fibroelastic layer and in the fibromuscular layer of the intima adjacent to the media. In this location, CRP frequently colocalizes with the terminal complement complex. Second, the majority of foam cells below the endothelium show positive staining for CRP. In this location, no colocalization with the terminal complement proteins can be observed. Our data suggest that CRP may promote atherosclerotic lesion formation by activating the complement system and being involved in foam cell formation. (Arterioscler Thromb Vasc Biol. 1998;18:1386-1392.)
T here is increasing evidence that complement activation may play an important role in atherogenesis. 1 Thus, activation products of the complement cascade have been demonstrated in atherosclerotic lesions of experimental animals 2 and humans, 3, 4 and cholesterol-induced atherosclerotic lesion formation is reduced in complement-deficient animals. 5,5a Recently, C5b-9, the terminal proteins of the complement cascade, have been demonstrated in early atherosclerotic lesions of human coronary arteries by means of immunohistochemistry, 6 and this suggests that, in the development of human atherosclerotic plaques, complement activation occurs at a very early stage. The complement system can be activated by either the classic or the alternative pathway. 7 Current research focuses on complement-activating structures in the lesion and on potential effects of complement activation products on arterial wall cells.
C-reactive protein (CRP) is the prototype acute-phase protein in humans and numerous animals. 8 It is widely used as an indicator of the activity of bacterial infection and various other diseases and, in the acute-phase response, its plasma concentration can be elevated up to 500 times compared with normal. 9 The biological function of CRP, however, is largely unknown. The molecule was discovered via its ability to bind to the polysaccharide capsule of Streptococcus pneumonia, 10 and thus, it is thought to be intimately involved in the immune response to bacterial infection. Interactions with both the cellular and humoral immune systems have been demonstrated. Thus, granulocytes and monocytes express CRP receptors, 11, 12 and CRP has been shown to activate the complement system via the classic pathway in vitro. 13 Recently, CRP-mediated complement activation has been demonstrated to occur in vivo. 14 Few efforts have been undertaken to elucidate the role of CRP in atherosclerotic lesion formation. In 1985, the molecule was extracted from and quantified in human aortic atherosclerotic intima, thus providing the first evidence for its presence in atherosclerotic lesions. 4 In an attempt by Rowe et al 15 to localize CRP in atherosclerotic lesions, no CRP could be demonstrated. In contrast, Reynolds and Vance 16 and Hatanaka et al 17 were able to demonstrate CRP in atherosclerotic lesions of human aortas, and both reported that CRP was localized around foam cells and the deep fibroelastic layer and in the fibromuscular layer adjacent to the media. However, in the latter study, only 1 fatty streak lesion and only 1 atheromatous plaque lesion were examined, and thus, the data cannot be regarded as sufficiently conclusive.
Functional roles for CRP in atherogenesis have been suggested in the immobilization and concentration of LDL within the arterial wall. The protein is known to display calcium-dependent in vitro binding with and aggregation of LDL and VLDL. 18, 19 There is a growing body of evidence for CRP as being an important risk factor for acute manifestations of coronary artery disease, 20 -22 and thus, potential mechanisms by which CRP may be involved in coronary atherosclerosis are of considerable interest.
In this study we have investigated 15 early atherosclerotic lesions of human coronary arteries by means of immunohistochemistry. We demonstrate here that CRP is present in atherosclerotic lesions of human coronary arteries and colocalizes with C5b-9, the terminal membrane attack complex of human complement.
Methods

Coronary Artery Specimens
Specimens of coronary arteries were collected from autopsies. They were fixed in 4% buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Fifteen specimens of early atherosclerotic lesions of so-called "initial lesions" and "fatty streaks" were selected for analysis. 23 Serial transverse sections of 4-to 5-m thickness were cut and used for immunohistochemistry. Sections of coronary arteries without focal intimal atherosclerotic lesions, but with adaptive and diffuse intimal thickening, were also studied. Such diffuse and adaptive intimal thickenings are usually present in adult human coronary arteries.
Antibodies
The murine monoclonal antibody (clone CRP-8, IgG1, used at a 1:500 dilution) directed against human CRP was purchased from Sigma. The antibody displays its reactivity against native and denatured-reduced CRP and does not cross-react with human serum amyloid P component, human haptoglobin, human ␣-1-acid glycoprotein, and human IgG, nor with CRP from Limulus. The murine monoclonal antibody (clone 978/394, IgG1, used at a 1:200 dilution) was kindly provided by Professor S. Bhakdi, University of Mainz, Germany. It is directed against epitopes of the terminal C5b-9 complement complex that are not exposed on native C9 but are revealed when the complex C5b-9 is formed and are, therefore, termed neoantigens. 24 The murine monoclonal antibodies clone PG-M1 (IgG3) and clone KP1 (IgG1), both used at a 1:100 dilution and directed against the macrophage marker CD68, were purchased from DAKO. Primary antibodies were detected by using biotinylated anti-mouse polyclonal antibodies (Vector Laboratories).
Immunohistochemical Staining With Individual Antibodies
For immunohistochemistry, 4-to 5-m-thick serial slices were deparaffinized in xylene. All slides were treated with 3% H 2 O 2 to block endogenous peroxidase activity. Sections chosen to be assayed for the macrophage marker CD68 were predigested with 0.1% Pronase E solution for 20 minutes at room temperature. Slides were then incubated with 5% normal horse serum to block nonspecific conjugation and then with primary antibody for 1 hour at room temperature. The slides were then incubated with biotin-conjugated anti-mouse antibody for 30 minutes at room temperature and then with avidin-biotin-peroxidase reagent for 45 minutes at room temperature. 25 The reaction products were revealed by immersing the slides in diaminobenzidine tetrachloride to give a brown reaction product. Finally, the slides were counterstained with hematoxylin and mounted.
Paraffin sections of normal lymph node served as histological controls for macrophage immunoreactivity. Negative controls included replacement of the primary antibody by PBS or an irrelevant isotype-matched monoclonal mouse antibody (directed against Aspergillus niger glucose oxidase, clone DAK-GO-1, IgG1; DAKO).
Double Staining for CRP and C5b-9
Estimation of colocalization of CRP with C5b-9 was performed as follows: The slides were incubated with the first antibody against the neoantigens of the terminal C5b-9 complex, visualized by immersion in diaminobenzidine tetrachloride as described above (which yielded a brown reaction product), and then rinsed in Tris-buffered saline. Before reaction with the antibody for CRP, slides were again blocked with 5% normal horse serum and then incubated with the primary antibody against CRP. Slides were then incubated with biotinconjugated anti-mouse antibody followed by avidin-biotin peroxidase reagent. This time, the reaction products were stained with the VIP substrate kit for peroxidase (Vector Laboratories) to give a violet reaction product. Finally, the slides were counterstained with hematoxylin and mounted.
A simple score system was adopted for visual interpretation of the double-immunostained slides to allow semiquantitative analysis of the data. The proportion of the area stained for C5b-9 relative to the overlapping area stained for CRP (designated as 100%) was estimated by assessing the deep fibroelastic layer and the fibromuscular layer of the intima adjacent to the media and assigned to 1 of 5 scores: 0, Ͻ5%; 1, 6% to 25%; 2, 26% to 50%; 3, 51% to 75%; or 4, 76% to 100%.
Results
Characterization of Samples Analyzed
The Table lists the data on the patients whose coronary arteries were examined. None of them suffered from clinically manifest infectious diseases. Furthermore, neither immune-mediated diseases nor major disturbances in their lipid metabolism were recorded in their clinical history.
General Morphological Findings
The general morphology of the majority of the lesions studied has been described in detail before. 6 The additional specimens investigated in this study fulfilled the criteria of early lesions as defined by Stary. 23 In brief, the early lesions were all within diffuse adaptive intimal thickening consisting of a fibromuscular layer at the base of the intima adjacent to the internal elastic lamella and a fibroelastic layer bordering the lumen. The lesions themselves were characterized by macrophages, appearing either as isolated groups of round or spindle-shaped cells within the intima or forming 1 or more layers next to the luminal surface ( Figure 2B) . Occasionally, these cells were obvious throughout most of the intima.
Localization of CRP
By immunohistochemistry, CRP was found to be localized in all of the 15 early atherosclerotic lesions studied. The predominant manifestation of CRP was a diffuse rather than a focal deposition in the deep fibroelastic layer and in the fibromuscular layer of the intima adjacent to the media ( Figure 1A and 1C) . Nevertheless, the majority of foam cells (Ϸ80%) also showed positive staining for CRP predominantly along the cell surface ( Figures 1A and 2A) . Serial section staining with the monoclonal antibodies against the macrophage marker CD68 identified CRP-containing foam cells as being derived from macrophages ( Figure 2B ). This macrophage CRP reactivity is, at least in part, specific for atherosclerosis cells as only a few, if any, weakly stained cells were found in a normal lymph node ( Figure 2C and 2D) . No CRP staining could be seen in areas without any signs of atherosclerotic lesion development. In addition, a similar staining procedure performed with an irrelevant IgG1 monoclonal antibody yielded negative results with all tissue specimens ( Figure 3 ).
C5b-9 Deposits
Specific C5b-9 deposits were present in all of the 15 early atherosclerotic lesions examined. The pattern of C5b-9 deposits of the majority of the lesions studied has been described in detail before. 6 The additional specimens investigated in this study displayed a similar staining pattern, ie, a deposition of small granules in the deeper part of the intima adjacent to the media ( Figure 1B and 1D) or, in 1 case, a more diffuse deposition extending over the whole width of the intima. However, C5b-9 was not associated with intact foam cells. The controls processed with the irrelevant isotypematched monoclonal mouse antibody instead of the specific antibody were completely negative.
Colocalization of CRP and the Terminal Complement Complex
The serial sections shown in Figure 1 already depict a close association between CRP ( Figure 1A and 1C) and C5b-9 ( Figure 1B and 1D ) in the deep fibroelastic layer and in the fibromuscular layer of the intima adjacent to the media. To illustrate colocalization of CRP and the terminal complement complex, we used the double-staining immunoperoxidase method. Figure 4 depicts an example of these experiments, showing double immunostaining for CRP (violet) and C5b-9 (brown) applied to another early atherosclerotic lesion. In general there was close association and an overlapping of small granules of C5b-9 and more diffuse deposits of CRP predominantly within the deeper parts of the intima. First, as a rule, a more extensive area was occupied by CRP than by C5b-9, and second, although not all CRP deposits showed associated C5b-9, C5b-9 was never observed in any intima without CRP. In detail, with regard to the above-mentioned score system, 3 of the 15 early atherosclerotic lesions (20%) were in category 0 (C5b-9 staining Ͻ5% related to CRP staining), 4 samples (26.7%) were in category 1 (6% to 25%), 1 sample (6.6%) was in category 2 (26% to 50%), 3 samples (20%) were in category 3 (51% to 75%), and 4 samples (26.7%) were in category 4 (76% to 100%; the Table) . Control experiments of the double-staining immunoperoxidase reaction were completely negative.
Discussion
In this study the localization of CRP and the terminal membrane attack complex, C5b-9, was investigated by immunohistochemistry in 15 early atherosclerotic lesions of human coronary arteries collected from autopsies. CRP was found to be widely distributed in early human atherosclerotic lesions, with 2 predominant manifestations. First, the majority of foam cells below the endothelium showed positive staining for CRP. This staining was clearly cell associated, mainly along the cell surface. Second, CRP was deposited diffusely rather than focally in the deep fibroelastic layer and in the fibromuscular layer of the intima adjacent to the media. No C5b-9 deposition was seen in close apposition to foam cells. In contrast, serial sections and double immunohistochemistry with antibodies to CRP and to C5b-9 showed, at sites of early atherosclerotic lesions, frequent colocalization of both antigens in the fibromuscular layer of the intima, which contains predominantly smooth muscle cells. 6 Thus, CRP, C5b-9, and smooth muscle cells can be found in close apposition to each other in the deep intima of the early coronary lesion.
CRP is an acute-phase protein, and its plasma concentration is highly elevated in cases of bacterial or viral infection. A) . B and D, C5b-9 stain, also demonstrating deposition of granules in a deeper part of the intima adjacent to media (arrowheads). Note close association between CRP and C5b-9 (for A and B, scoreϭ4; for C and D, scoreϭ2). Demarcation between intima and media is indicated by an arrow. Barϭ25 m. Although none of the patients in our study were suffering from clinically manifest infections at the time of death, they undoubtedly would have been previously, and during such episodes CRP levels in the blood would have been elevated, with the likelihood of deposition in the arterial wall. The molecule may enter the arterial wall at sites of endothelial dysfunction, as is believed to occur in early atherogenesis, either in native soluble form or bound to lipoprotein, especially LDL. Previous attempts to localize CRP in atherosclerotic lesions have revealed contradictory results. 4, 16, 17 Some authors reported positive staining for CRP in aortic lesions 16, 17 and some did not. 15 The possibility that these contradictory observations reflect differences in the efficiency of the antibodies to detect CRP cannot be excluded. CRP may undergo structural changes (eg, oxidation or aggregation) at sites of inflammation. This may affect its cross-reactivity with various antibodies. Our data support the observations made by Reynolds et al 16 and Hatanaka et al 17 regarding the CRP-staining pattern in the atherosclerotic lesion, and they provide the first evidence for the presence of CRP in early atherosclerotic lesions of human coronary arteries.
The fact that foam cells in the early lesion stain positively for CRP may provide evidence for the hypothesis that CRP participates in foam cell formation by opsonizing lipid particles in the arterial wall. Alternatively, as monocytes and monocyte-derived macrophages are known to synthesize CRP, 26 -28 the staining may as well reflect CRP synthesis by the foam cells themselves. However, macrophage CRP reactivity is, at least in part, specific to atherosclerosis cells, as only a few, if any, scattered weakly stained cells were found in a normal lymph node. The CRP sequestered in foam cells either may not be exposed to complement or may be in a degraded form that does not react with complement, even though it still reacts with the anti-CRP antibody. This may be an explanation for the lack of colocalization of CRP and C5b-9 within macrophage foam cells.
CRP is known to activate complement in vitro, 13 and recently CRP-mediated complement activation was demonstrated in vivo.
14 Thus, colocalization of CRP and C5b-9, the terminal complement complex, in the deep fibroelastic layer and in the fibromuscular layer of the intima adjacent to the media in early atherosclerotic lesions may be interpreted as evidence for CRP-mediated complement activation in the arterial wall. Two observations, which were semiquantitatively assessed by the above-mentioned score system, were in accord with this hypothesis: First, as a rule, a more extensive area was occupied by CRP than by C5b-9, and second, although not all CRP deposits showed associated C5b-9, C5b-9 was never observed in any intima without CRP.
Complement activation is considered an important event in linking lipid deposition to the initiation of atherosclerosis. 1 Cholesterol-induced atherosclerotic lesion formation is reduced in C6-deficient animals, 5,5a and formation of terminal complement complex C5b-9 has been shown to coincide with cholesterol deposition and to precede atherosclerotic lesion formation in rabbits fed an atherogenic diet. 2 In human atherosclerotic lesions, complement components and complement regulatory proteins have repeatedly been demonstrated. Recently, we were able to show that terminal C5b-9 complexes deposit in human coronary atherosclerotic lesions at a very early stage and colocalize with smooth muscle cells in the deeper part of the intima. 6 This may be of pathobiological importance, as smooth muscle cells, in contrast to endothelial cells, do not express the complement regulatory molecule CD59 29 constitutively and as sublytic C5b-9-attack on smooth muscle cells in vitro leads to the release of monocyte chemotactic protein 1. 30 In this context, work by Li et al 31 should be noted, showing that sublytic complement attack exposes CRP binding sites on cell membranes. Thus, CRP-mediated complement activation may amplify CRP binding in the developing plaque by exposing CRP binding sites on complement-attacked smooth muscle cells. It should also be noted that other factors present in the vascular wall may also activate complement, eg, so-called lesion complement activator, which can be isolated from human atherosclerotic plaques 32 and can also be generated by enzymatic treatment of LDL in vitro. 33 Colocalization of enzymatically modified human LDL and the terminal complement complex was recently demonstrated in early atherosclerotic lesions. 34 The pathobiological importance of the interaction of CRP, enzymatically modified LDL, complement, and smooth muscle cells in the arterial wall remains to be further investigated.
In conclusion, our data provide evidence for the hypothesis that complement activation in early atherosclerotic lesions may, at least in part, be mediated by CRP in the atherosclerotic intima. CRP may be deposited in the arterial wall in cases of elevated plasma-levels, which can be detected during bacterial or viral infection as well as in response to tissue injury. Thus, our data underline the importance of inflammatory processes in atherogenesis and may support the idea that infections indirectly promote atherosclerotic lesion formation.
